ABSTRACT It is difficult to estimate and predict the fatigue state of switchgear in traction converter of urban Electric Multiple Unit (EMU). At the same time, this is just the purpose of this paper. Firstly, the power loss and junction temperature of the device are analyzed by using the results of electro-thermal simulation and actual working conditions. Then, a novel Bi-directional accelerated fatigue test (BAFT) is proposed, and the data obtained from BAFT are used to establish a fitting fatigue model for a specific switch device. BAFT data enable the fatigue interaction between Insulated Gate Bipolar Transistor (IGBT) and Free Wheeling Diode (FWD) to be displayed in the common switching device module, and the interaction is represented by an acceleration factor. In the fatigue model, the service life and fatigue state of the equipment is related to the equivalent fatigue current which is used to generate the fatigue. The equivalent fatigue current is observed by the proposed analysis identification model. The historical data of fatigue values are subjected to Gray Model (GM) (2, 1) for trend prediction, and then the service time of the switch device is calculated using the predicted fatigue values from GM (2, 1). The examples presented in this paper are based on recorded field data.
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I. INTRODUCTION
The urban rail transit system is an important and friendly way of tourism in the metropolis. Considering that it will not cause traffic congestion, air pollution, and increase passenger traffic, etc. Electric multi-unit (EMU) is one of the important subsystems of urban rail transit. Transportation system and traction converter (TC) in EMU provide power and electric braking force with the help of traction motor. In TC, its switching device is more likely to fail than other components [1] , [2] . According to field statistics, the faults or failure of switching devices accounted for 10% to 20% of the total number of faults, which is even higher for the EMUs with a total distance of more than 105 kilometers. In many cases, the failure of switching devices is caused by fatigue [2] . If fatigue state can be predicted, the failure rate of switching device can be greatly reduced by manual maintenance or replacement [4] [5] . Switching devices in TC usually appear in packaging modules, which are composed of IGBT and FWD. Fatigue of switch devices mainly occurs in package failure, including bonding wire liftoffs and solder layer crack [6] , [7] . Bonding wire liftoffs and solder layer cracking are caused by shear thermal stress, which is generated by temperature change inside the device. Switching device works periodically. When the device (actually the IGBT in the device) is turned on, the current flows through it; when the device is turned off, the current is cut off. When the current flows through the device, the flowing current will generate heat because of the impedance (resistance, etc.) inside the device. In other cases, no heat is produced at all. This means that the equipment will be heated when it turns on and cooled when it is turned off. IGBTs and FWD are on and off with high switching frequency (kHz) in operation. There are conduction losses, turn-on losses, and turn-off losses. Conduction, Turn-on and turn-off losses can cause loss of the PN junction, so the test in this paper measures the loss of the PN junction. Physically, the switching device consists of multiple layers (as shown in Fig. 1 ), and the coefficient of thermal expansion (CTE) of each layer is different. The intermittent heating and cooling process mean that the internal temperature of the device (not only IGBT junction temperature T j , but the temperature of every single layer) increases and decreases accordingly. This temperature change is caused by internal thermal resistance (e.g. R thj-c_IGBT and R thj-c_FWD in Fig. 1 ) and heat flow. Because of the difference of CTE, the change of temperature will cause shear thermal stress, and shear thermal stress will lead to lift-offs and cracks [5] . Lift-offs and cracks are the two main forms of fatigue. Internal liftoffs and cracks cannot be observed externally due to packaging; however, several sensitive parameters can be used as fatigue characteristics to indirectly show the development of peeling and cracking. In other cases, peeling and cracking can be estimated under certain thermal cycles and temperature changes (obtained from mission profiles). Therefore, the model can be built based on Fatigue Feature observation or temperature offset counting.
For the fatigue-related modes, various electrical and thermal parameters can be selected as fatigue characteristics, such as the duration of IGBT saturation voltage drop (U CESat ) [8] , SOA [6] , thermal resistance (R th ) IGBT junction and device substrate [9] , IGBT gate threshold voltage [10] . These methods are based on the one-to-one relationship between fatigue eigenvalues and fatigue levels.
As for temperature-related methods, various methods have been introduced to obtain junction temperature T j [11] , [12] [13] , and then the value or trend of T j is counted by a specially designed algorithm. A well-known algorithm is the rain-flow counting method [14] . This method is based on the fact that the switching device has a limited and fixed load-carrying capacity of T j cycle under certain operating conditions. Each cycle causes fatigue to accumulate inside the device. When the cumulative fatigue reaches above the fatigue threshold, the switch device will fail. The fatigue threshold and working conditions are also one-to-one correspondence.
However, for various reasons, the above fatigue models are seldom applied to actual EMU situations.
A. IT IS HARD TO DETECT THOSE FATIGUE SIGNATURES AND T j WITH SUFFICIENT ACCURACY, AND ADDITIONAL CIRCUITS ARE NECESSARY
Switching devices in TC always withstand continuous high voltage and load current. In this case, serious EMI exists. EMI makes it difficult to detect sensitive parameters and T j with sufficient accuracy. However, the switching frequency of switch devices in TC varies with the speed of EMU, so it is not easy to design appropriate filters to eliminate EMI.
More importantly, special circuits are needed to detect fatigue characteristics and T j . It is better to embed these circuits into trigger units of the switching device. However, considering that the current manufacturers of trigger units do not provide such additional circuits in their products, it is not easy to achieve detection.
B. ONLY IGBT IS CONSIDERED IN THE FATIGUE MODEL, WHICH IS NOT ENOUGH
Obviously, it is impossible to detect the one-to-one relationship mentioned above in the field operation, because such a process must last as long as the expected service life -more than 30 years. But it is usually not certain whether the IGBT can continue to be used for 30 years, so we need to fit the model to predict how much life the IGBT has. Therefore, the accelerated fatigue test (AFT) is needed. AFT uses predefined cumulative damage stress testing equipment (DUT) and obtain data showing the fatigue characteristics of DUT.
In the switching device, the current can flow through it in two directions, as shown in Fig. 2 . C and E are the external terminals of the device. In Fig. 2 (a) , the current flows from the internal IGBT through C to E; in Fig. 2 (b) , the current flows from E to C through the internal FWD. In the AFT process, the DUT is heated by the test current flowing through it. However, traditional AFT only considers the test current in one direction, that is, the direction shown in [16] - [18] . This is mainly because IGBT is more vulnerable in devices, so cumulative damage of IGBT means cumulative damage of DUT. Indeed, IGBT actions should be considered in AFT, but FWD actions can also lead to cumulative damage to DUT (based on the analysis in Part II). The traditional one-way AFT (SAFT) should be improved to bi-directional AFT (BAFT), in which the test current flows through IGBT and FWD. Data obtained from BAFT accurately show cumulative damage effects caused by IGBT and FWD.
C. ONLY A FIXED OPERATING CONDITION IS CONSIDERED IN THE FATIGUE MODEL, WHICH IS ALSO NOT ENOUGH
The fatigue model proposed by existing methods needs stable and fixed operating conditions because it is based on the results of AFT with fixed experimental conditions [15] - [18] . Therefore, the existing model is not fully applicable when the actual field operation conditions have been changing, which is exactly the case of the TC application. For example, in actual TC operation, due to the movement of EMU, the switching device undergoes changing ambient temperature, while the ambient temperature remains constant in AFT [17] ; moreover, the switching frequency (i.e., the number of turns on and off in one second) and the current of the switching device continuously change with the change of EMU speed or passenger capacity, while the traditional AFT only considers constant switching frequency and constant test current [18] [19] .
This paper tries to put forward an on-line estimation method and prediction scheme for Fatigue Grade of switching devices, which is suitable for the application of a traction converter of EMU. Initially, a novel bi-directional AFT (BAFT) test program is proposed. Using the data obtained from BAFT, the acceleration factor is introduced into the fatigue model to illustrate the effect of FWD action on the cumulative damage process of the device. In BAFT, DUT is also affected by various bidirectional test currents to ensure that the fatigue model is more applicable under different working conditions (or varying current output). More importantly, environmental temperature is also taken into account in the fatigue model. In order to realize on-line estimation of fatigue level, we propose an analytical model to observe FWD and IGBT currents, which are used to construct damage increments. Finally, the damage increment sequence is input into the second-order GM (2, 1) to predict the fatigue degree in the future. All the data used in the example comes from the actual field application. The internal temperature of the switching device is calculated by electro-thermal simulation under given operating conditions. In the simulation, the EMU undergoes two operation cycles, as shown in Fig. 4 . In Fig. 4 , EMUs are in traction stage at 0s-24s and 80s-104s, and in traction stage at 43s-48s, 60s-77.5s, 123s-128s, and 140s-157.5s. The traction stage means that the EMU speed increases due to the traction torque produced by the traction motor, and the electric braking stage means that the EMU speed decreases due to the braking torque produced by the traction motor. When the traction motor does not produce torque, the EMU speed remains basically unchanged. When the EMU moves through inertia, the operation stage is called the sliding stage.
II. THE EFFECT OF FWD AND IGBT ACTIONS ON DEVICE ACCUMULATED DAMAGE DURING TC OPERATION
The simulation results of switching devices in TC applications are shown in Fig. 5 . The switching devices we use are 1500A/3300V, the switching frequency is 57 Hz-1000Hz (according to vehicle speed control and using SVPWM modulation scheme [20] ) TC capacity is 1050KA, U dc is 1500V, the maximum deceleration of EMU is −1.2m/s 2 , the maximum average acceleration is 0.4m/s 2 , the weight of a single vehicle in EMU is 36 tons, the capacity of traction motor is 210 kW, the maximum traction force is 1630Nm, and the maximum system. Power 1500 Nm. Four motors are installed in each vehicle, and there are six vehicles in each EMU. The ambient temperature is set to 25 • C. In the simulation, the R th of the radiator is calculated by SOLIDWORKS, and the R th of the switching device is obtained by the transient thermal resistance curve, which is given in the device data table.
In Fig.5 , the maximum change of FWD junction temperature ( T jD ) is 56.3 • C, and that of IGBT junction temperature ( T jQ ) is 39.7 • C. The change of junction temperature will seriously affect the service life of devices [21] [22] . According to the data obtained from LESIT [21] and CIPS08 [22] experiments, the change of junction temperature and average junction temperature (T m ) are the key factors that affecting the cumulative damage process. Table 1 shows the maximum values of T jQ and T jD under different load conditions.
T jQ and T jD are affected by various factors, such as power loss of IGBT and FWD, heat dissipation conditions, thermal resistance between junction and radiator, etc. Basically, T m is mainly determined by ambient temperature (T amb ), T jQ and T jD . In Table 1 , T jQ and T jD increase with vehicle load, which means that there is an approximate one-to-one relationship between T jQ and load conditions, and between T jD and load conditions. Finally, T m is determined by T amb and load conditions.
In Fig. 5 , it should be noted that T jQ is higher in traction stage than T jD but lower in braking stage. In the braking stage of high-speed area (43s-48s, 123s-128s), T jD will increase much faster than T jQ . This is due to the fact that according to the requirements of EMU motion, more power is needed in the high-speed braking stage than in the traction stage, and the braking power mainly flows through FWD rather than IGBT [23] .
It should be noted that the heat generated by the FWD die during FWD operation also passes through all layers of the switch device, and the heat is also transferred to the IGBT core (as shown in Fig. 6 ). This means that T jD affects the temperature change of each layer in the device and T jQ . As mentioned above, thermal stress is caused by temperature change and the difference in CTE, so T jD also results in thermal stress in the solder layer, DBC and even IGBT core. This is why FWD action should never be neglected in the fatigue process of switchgear, especially in the case of TC.
Through FWD action, IGBT aging faster and fatigue process faster than only IGBT action. If the cumulative damage state of DUT is still represented by the cumulative damage state of IGBT (as is the case in the existing reference [3] - [5] ), the acceleration effect of FWD action must be considered.
III. THE AFT AND FATIGUE MODEL OF SWITCHING DEVICE CONSIDERING FWD ACTIONS
The fatigue model shows the relationship between fatigue accumulation and fatigue degree. The fatigue of the switching device is directly affected by the load condition of the vehicle. TC current output reflects the load level and this current flow through the switch device completely. Therefore, there is a one-to-one relationship between TC current output and fatigue level of switching devices, as well as the relationship between current and fatigue level of devices and service life of devices. More importantly, environmental temperature T amb should also be considered. One of the basic problems in power cycle testing is the difficulty in choosing test conditions. Target T j is a function of dissipated energy. For a given chip technology, dissipated energy is determined by the forward current and T duration in the test and the thermal resistance of the test device. Therefore, it is very difficult to repeat the test under exactly the same test conditions, but it is more difficult to select test parameters for different T j values under the same current and heating time. If these parameters have an effect on the test results, these parameters must be taken into account in the life model [24] . Therefore, the changes in average temperature, amplitude, range, and frequency are not considered in the test.
In eq. (1), N f is the cycle number that a device could withstand before its failure, we denote N f as the service life of the device; I eq is the equivalent current amplitude through the device, f and g are both certain functions.
A. THE ACCUMULATED DAMAGE-ACCELERATING EFFECT FROM FWD ACTIONS AND BAFT
The accelerating effect from FWD actions means that device service life is shortened, as shown in eq. (2) .
In eq. (2), N f2 is the actual service life with FWD actions, and N f1 is the lifetime when only IGBT actions are considered. p is a coefficient which shows the accelerating effect. For better applicability, we express eq. (1) in the current form, as shown in eq. (3).
In (3), i G is the current of IGBT, i D is that of FWD, and α is acceleration factor. The fatigue of semiconductor device is caused by the accumulation of thermal stress effect, the relationship between thermal stress effect and current is squared, therefore the currents here are in RMS (Root-MeanSquare) form and the square operation exists. α is actually used to indicate the influence of i D , and the form of α has no decisive influence, so it is expressed in the form of square. In order to obtain α, we propose a new type of AFT with bidirectional fatigue current (BAFT), and the BAFT test platform is shown in Fig. 7 . In Fig. 7 , G1-G5 is the auxiliary GTO; I test1 is the fatigue current (i.e. the current that produces fatigue in DUT and I test2 is used for T jQ and T jD observation). R and C form an absorption branch to protect DUT by eliminating voltage spikes. When G1 and G5 are turned on, I test1 flows through the IGBT part inside the DUT. When G2 and G4 open, I test1 flows through the FWD part of the DUT. When G1, G2, G4, and G5 are all closed, additional G3 is used to provide I test1 's continuation route. C S1 and C S2 produce I test1 and I test2 respectively. During BAFT, the ambient temperature (about 25 • C in our experiment) was recorded and I test2 was 1.5A, which was basically less than 0.1% of the rated current of DUT according to experience. The cycle time was 12 seconds and the duty cycle was 48%. In BAFT, the cycle number of IGBT and FWD is equal, so only half of the total action number is considered. It should be noted that the heating effect of I test2 has been tested, and I test2 will hardly cause any observed additional junction temperature rise in DUT because of its very short duration (100ms). DUT is placed in a real TC power module during BAFT and then connected to the test platform.
The cumulative fatigue rate curve obtained from BAFT is shown in Fig. 8 and from SAFT. In Fig. 8, I test1 is 1500A, and the cumulative failure rate is calculated by the observed U CESat [13] , as shown in eq. (4). Since the PN junction voltage drop is inversely proportional to the temperature [24] , the temperature is obtained by the current supplied by C S2 , that is, U CESat can be measured. The test was interrupted when the PN junction of the switch reached 125 • C. The ontime of the IGBT and diode is determined by whether the junction temperature reaches this temperature.
In eq. (4), F is the cumulative failure rate, U CESat0 is the initial on-state saturation voltage drop of the new DUT, and U CESat is the present on-state voltage drop. When U CESat reaches 1.2 U CESat0 , F is defined as 1. It should be noted here that U CESat increases by 5% or 20%, depending on the measurement accuracy of U CESat [24] . The device in this paper can be used normally with an increase of 5% and failures will occur only with an increase of 20%. The mathematical analytic relationship between F and cycle number x can be fitted as follows:
15.05 (5) For comparison, conventional single-directional AFT (SAFT) [16] - [18] is also carried out. Since the fatigue process of switching device follows the Weibull distribution law [6] , [9] , [10] , [25] , the resulting curve is fitted to be:
To derive α, we define an intermediate variable q, which is obtained from the quotient between the medians of F 1 (x) and F 2 (x), as shown in eq. (7).
In eq. (7), Γ is gamma function, λ 1 , λ 2 and k 1 , k 2 are parameters in F 1 (x) and F 2 (x), while λ 1 =283769, k 1 =15.05, and λ 2 =317254, k 2 =12.98. With these values, q is calculated to be 1.1125.
From the difference between BAFT and SAFT, it gives
Considering that i G = i D =1500A and q =1.1125, α = √ 0.2377 = 0.4875. From eq. (3), it means that FWD actions accelerate 23.77% of the accumulated damage speed.
B. ANALYTICAL FATIGUE MODEL
Other BAFTs are carried out with different I test1 . The curves are shown in Fig. 9 . Under the I test1 of 1200A and 900A, the mathematical analytical models of F vs. x are: And it is also known from eq. (6) that
In eq. (9) -eq. (11), the F 1500 (x), F 1200 (x), and F 900 (x) is cumulative failure rate under the I test1 of 1500A, 1200A, and 900A, respectively, with the medians of them to be 304890, 479170 and 851580. The medians are denoted to be the corresponding device service life N f .
Finally after fitting calculation, eq. (1) is expressed as: (12) In eq. (12), k is an Arrhenius coefficient. According to Arrhenius's rule (the temperature increase of 10 • C implies that the service life is shortened by half), k is calculated to be 60.65. The experimental and fitted curve is shown in Fig.10 .
Considering the RMS calculation scheme, hence
It gives 
IV. THE ONLINE RECOGNITION MODEL OF FATIGUE CURRENT OF THE SWITCHING DEVICE
Although i G is equal to i D in BAFT experiment, they are not equal in actual TC operation during traction and braking stages. In order to obtain the actual N f of the equipment, it is necessary to calculate the actual I eq according to eq. (3) 
In eq. (15), the transformation matrix C is
θ e is the field orientation angle, which is generated by the vector control scheme of TC [26] . I M is the amplitude value of i U , i V , and i W and therefore it gives
In the coasting stage of EMU, TC outputs no current, so the current recognition model is only required to obtain i G and i D in the traction stage and the electrical braking stage.
A. IGBT AND FWD CURRENT RECOGNITION SCHEME IN TRACTION STAGE
In the traction stage, TC acts as an inverter, and the current recognition model could be expressed in eq. (18) -eq. (21) .
In eq. (18) -eq. (21), i means instantaneous value of current, the subscript _t means traction stage, the subscript VOLUME 7, 2019 G/D means IGBT/FWD current, and the subscript u/l means the upper or lower device(in Fig. 3, Q 
Considering eq. (22), eq. (19) and eq. (21) could be revised as
It should be noted that the current identification model above does not distinguish three phases U, V, and W. i Gu_t can be instantaneous currents of Q 11 or Q 21 and Q 31 . Similarly, i Du_t can belong to D 11 or D 21 and D 31 . This is inaccurate because the instantaneous currents of phases U, V and W have the same magnitude, and they shift at an electric angle of 120 o [26] . However, the fatigue of IGBT or FWD is not affected by the position of current angle but is seriously affected by the current amplitude. Therefore, angular displacement is not considered here.
B. IGBT AND FWD CURRENT RECOGNITION IN ELECTRICAL BRAKING STAGE
The current recognition model in electrical braking stage is given in eq. (25) to eq. (28) .
In the equations above, the subscript _b means electrical braking stage.
C. IGBT AND FWD CURRENT RECOGNITION SCHEME WITH CURRENT DETECTOR BROKEN
When anyone of the 3 current detectors is broken, i U , i V , i w could no longer be all detected. The current recognition model should be revised accordingly. According to the rotor field orientation vector control scheme, it gives
whereˆ r is the observed rotor field flux, L m is magnetic excitation inductance, L r is the leakage inductance of rotor, R r is total rotor resistance, ω * sl is the reference of slip frequency, i qs is the stator current along with axle q in 2-axle rotating coordination system. Considering thatˆ
where i ds is the stator current along with axle d in 2-axle rotating coordination system, it gives
The torque output T e of a traction motor could be given as
where P is the magnetic polar count of traction motor when the torque is controlled in a closed-loop system, T e is equal to torque reference T * e , so it gives
By combining eq. (31) with eq. (33), it gives
Since that there are altogether 4 traction motors, both i ds and i qs is 25% of i d and i q . By substituting eq. (34) and eq. (35) into eq. (17), it gives
In eq. (36), it is not necessary to detect i U , i V , and i w , but it requires accurate motor parameters (such as L m , L r , R r , etc.). The motor parameters fluctuate with temperature, so the identification error of eq. (36) is higher than eq. (18) -eq. (28). Eq. (36) is only used when one or more current detectors are damaged. Fig.11 to Fig.13 show the simulation results of Q 22 currents observed during the acoustic current detector and traction phases. Fig. 11 is the i V waveform when the current reference direction is from TC to the traction motor. When Q 22 is triggered, i V flows through it. The actual current waveform through Q 22 is shown in Fig. 12 , and the current observed through Q 22 and the proposed identification model is shown in Fig. 13 . It should be noted that the identified current according to eq. (20) is input to the mobile window filter to obtain a mean value to eliminate any possible current sparks. In the filter, the window width is chosen to be 0.05 Ms. Obviously, the observed current is very close to the actual value. 
D. THE CALCULATION OF EQUIVALENT FATIGUE CURRENT
Since that EMU takes the natural day as the basic time unit, the I eq should be calculated on a daily basis. Finally, I eq could be given as
In eq. (37), N a is the total number of operating cycle times of the day. I eqj is the equivalent fatigue current of the j th operating cycle, and it should be calculated according to eq. (38). In eq. (38), N j is the total number of action times of the device in the j th operating cycle, i Gi and i Di is the i th recognized value of IGBT and FWD current inside the device.
V. THE ONLINE SERVICE LIFE EVALUATION APPROACH
According to eq. (14), the service life N f can be calculated by I eq , as shown in eq. (37). However, N f is the number of actions, which is useless in practical field applications, in which the service life of the unit of days or years is required. Based on cumulative damage theory [27] , we denote the damage degree M of a switching device as
where D i is the damage increment of the i th day, D i is expressed by
In eq. (40), N i is the actual number of cycle times of i th day, N fi is the service life calculated according to eq. (14) and eq. (37).
Here comes an example. There are 16 stations along the railway line and 16 operation sections along the railway line. The total mileage is 35 kilometers. During the testing period, EMU served eight rounds. I eqj values detected by eq. (18) -eq. (28) and eq. (38) are given in Fig. 14 and Fig. 15 . The average ambient temperature of the day was 17.3 • C.
According to eq. (37), the final I eq is calculated to be 554.8A, and N fi is 3089969 according to eq. (14) . N i is 16 * 8=128 in a day; therefore D i is 4.14×10 −5 , according to eq. (40).
If M with a value of 1 means that the device is completely damaged, the EMU can run 24154 days (i.e. (4.14×10 −5 ) −1 ) before the switch in TC fails. Assuming that the EMU runs eight rounds a day and 330 days a year, the EMU can run for up to 73 years.
This example only considers the fatigue state on a specific operating day. However, the fatigue process is seriously affected by the actual load conditions and ambient temperature, which are changing every day. The ''73 years'' here are calculated according to the load conditions and ambient temperature of a particular day, which is not accurate. Some advanced forecasting schemes should be applied.
VI. THE SERVICE LIFE PREDICTION SCHEME WITH 2-ORDER GRAY MODEL
Eq. (9) to eq. (11) shows that the fatigue trend of the switchgear follows the exponential characteristic. More importantly, load conditions affecting fatigue and cumulative damage processes also show similar characteristics. For example, the passenger flow in rail transit system shows a weak exponential trend similar to the Matthew effect. When there is an exponential trend, GM can better achieve the prediction [28] , [29] .
The value damage degree M (t) in a given time duration t is less than 1, as shown in eq. (41).
Based on eq. (41), it is very easy to construct non-negative quasi-smooth sequences with M (t) [28] . Based on this quasismooth sequence, GM can be constructed to predict its future value. GM belongs to different types, among which GM (1, 1) (order 1 and an independent variable) is the most popular. However, the Weibull trend in eq. (9) -eq. (11) shows a two-part exponential law with inflection points around the median point. For this special case, GM (2, 1) (order 2 and an independent variable) is more suitable. Because of the ability to construct the second-order whitening differential equation of the original data, GM (2, 1) is actually suitable for the linear combination of complex data changes and two exponential signals, which shows a twostage exponential trend without the characteristic of general monotonous increase or decrease. This is the Weibull distribution. Considering the influence of heat flow, the fatigue accumulation in the switchgear follows the Weibull distribution. Therefore, GM (2, 1) is better when Weibull is fitted. The flow chart of grey model prediction algorithm is shown in Fig. 16 .
Assuming that the input sequence of GM is H (0) (k) (k denotes the k th sampling point); the following steps should be taken in the prediction process of GM (2, 1). 
A. 1-AGO ACCUMULATION OF THE ORIGINAL SAMPLING SEQUENCE
After the 1-AGO accumulation, it gives:
where d 1 is 1-AGO operator and
In (43), H (1) (k) could be interpreted to be the whitened data of H (0) (k).
B. CONSECUTIVE SUBTRACTION OF THE ORIGINAL SAMPLING SEQUENCE
After consecutive subtraction, it gives
where d 2 is consecutive subtraction operator.
The characteristic equation of eq. (52) is
and the characteristic roots of eq. (52) are Moreover, the coefficient vector (β 1 , β 2 , β 3 ) in eq. (52) is derived by LSM algorithm with a pseudo-inverse matrix of (A T A) −1 :
In eq. (56), the metrics of A and B are:
Since the fatigue process consists of no fluctuations or concessions, it gives
Eq. (59) is used as the constraint condition of the LSM process. With eq. (56) -eq. (58), β 1 , β 2 and β 3 are derived, and eq. (52) is instantiated and then solved.
In GM (2, 1), both cumulative damage degree M (t) of the device and the damage increment D (t) could be chosen to construct the input sequence. Fig. 17 and Fig. 18 show the prediction with the input sequence of these two cases. The data in both figures are obtained from the historical record of actual field performance.
In Fig. 17 Eq. (60) shows basically one-section exponential tendency because the coefficient of the second item is very small. Eq. (61) meets the 2-section distribution better. In Fig. 17 , it is obvious that the error of eq. (60) is higher.
Finally, according to eq. (61), the service life is predicted to be 12474 days (when M (t) =1). This means 37.8 years. Such result is much shorter but apparently more accurate, because an EMU in urban rail transit is requiring operating 30 years, and most of them could not last much longer.
By comparing the results in Fig. 17 and Fig. 18 , it is obvious that the error of the prediction results in Fig. 17 is between −0.03 and 0.02, and that in Fig. 18 is between −0.01 and 0.02. At the same time, it can be seen that the fluctuation of the result error in Fig. 18 is significantly smaller than that in Fig. 17 . The number of positive and negative alternations of the result error in Fig. 17 is 7 times, while that in Fig. 18 is only 3 times. Therefore, the prediction result with M to be the input is obviously more accurate.
VII. CONCLUSION
This paper presents a new on-line fatigue assessment and prediction scheme for traction converter switchgear of urban EMU. Our goal is to predict the service life of switchgear in daily operation. A new BAFT is proposed. The data from BAFT show the fatigue characteristics more accurately. Considering the load conditions and ambient temperature, a suitable model is constructed. The proposed analytical identification model enables on-line monitoring of fatigue development. Fatigue value is helpful to calculate damage accumulation, which is the key to predict the service life of equipment by GM (2, 1). Since 2004, she has been a Lecturer and an Associate Professor of electrical engineering with Beijing Jiaotong University. Her research interests include rail traction drive and control, intelligent detection and control technology, rail traffic safety prediction and control, and high precision servo control systems. VOLUME 7, 2019 
